44

SYMPOSIUM PROCEEDINGS I 980
well defined alterations in the diet, to trauma, pregnancy, or to any other change. Such comparisons are useful in deciding whether different species share a common response to a stimulus, as on a practical level it would be advantageous if results obtained in a particular laboratory animal could be applied to other species, including man.
It is our opinion that extensive measurements of protein synthesis in large animals can only be carried out by non-destructive measurements and of course, in man, such an approach is the only one possible. Accordingly this paper will be concerned with measurements of whole-body protein synthesis and discussion will centre upon the general validity of the methods which can be applied to the mammalian species with which workers are mainly concerned.
The measurement of body protein synthesis
Fundamental to the measurement of protein synthesis in the whole body is the measurement of the apparent irreversible loss, from the free amino acid pool of the body, of an isotopically labelled amino acid (the flux; Waterlow, 1967) . Whether the basis of the calculation is the rate of excretion of an end-product of the metabolism of a [''NJamino acid (Picou & Taylor-Roberts, 1969 ; Golden et al. 1977) or the specific radioactivity of a "C-labelled or [jH] (Fig. I) . The model involves the following essential assumptions-(I) that the free amino acid pool is homogeneous; ( 2 ) that the loss of the amino acid from the free pool is partitioned only between protein synthesis and amino acid catabolism; (3) that during the measurement the isotope enters the free amino acid pool only by administration.
In the present discussion we will be concentrating upon measurements made during the administration of a "C-labelled or [jH] amino acid at a constant rate.
Constant infusion of amino acids
The infusion of a labelled amino acid at a constant rate leads to the attainment of a constant value for the specific activity of the amino acid in the blood and in tissues (the plateau), the time taken to reach plateau being a measure of the fractional rate of turnover of the amino acid in the body. One obvious difference between species is body size and as it is a common finding that other metabolic processes proceed at a slower rate/unit body-weight in larger species it is perhaps pertinent to ask whether the rate of rise of the amino acid specific activity is also slower. T h e time taken for the specific activity of tyrosine to reach 95% of plateau are shown in Table I . There does indeed appear to be a trend with body size although this comparison is complicated by the problem of assessing the relative stagc of maturity and hence the relative metabolic rates of the animals. For example, results for man were only available for individuals aged 45 years or over. These differences are not really surprising and merely place some constraints upon the length of time that an experiment must continue before reliable measurements may be obtained. The use of values for the specific activity of an amino acid in the blood to calculate total protein synthesis in the body involves one assumption which in particular has led to a great deal of controversy. It is a corollary of the assumption of a homogeneous free amino acid pool that the specific activity of the amino acid in the blood defines that of the pools which act as the precursors for protein synthesis and amino acid catabolism. However, it is a uniform finding that at plateau during the infusion of a tracer quantity of labelled amino acid, the specific activity of the tissue free amino acid is lower than that in the blood, presumably due to dilution of the label with amino acid arising from the breakdown of protein, and it follows that values for the rate of protein synthesis based on the specific activity of the blood amino acid will be lower than those based upon the specific activity of tissue free amino acid. The question whether either (or neither) of the two values is correct is not settled and is complicated by the fact that the relationship between the specific activity in the blood to that of the pool acting as precursor for protein synthesis may not be the Same for each amino acid nor for one amino acid under different physiological circumstances. For example, there is evidence that the specific activity of free glycine in the liver defines that of the precursor for protein synthesis in that organ in the rat (Fern & Garlick, 1974 ) but the same is not true for tyrosine in rabbit liver (Nicholas et al. 1977) . Similarly, Robins (1979) has shown that the relationship between the specific activity of the precursor for procollagen synthesis in the skin and that of the free amino acids in the skin and blood is different for proline, tyrosine and leucine. The validity of the values which are obtained from the blood free amino acid specific activity may therefore depend as much upon the choice of the amino acid as upon any other factor. It would appear for example that in man and the pig the flux of lysine gives consistently lower estimates of body protein synthesis than does leucine (Simon et al. 1978; Motil et al. 1979 ) ( Table 2) . This raises the question as to which is the more correct value. In these two species there is evidence (Golden & Waterlow, 1977 for man; Reeds et al. 1978 for pigs) that the specific activity of blood leucine gives an underestimate of the excretion of total nitrogen of between 15% and 23yC and by implication there may be a similar underestimate of body protein synthesis. Perhaps the most reasonable conclusion to draw at present is that the specific activity of the precursor for protein synthesis is a function of both the tissue amino acid specific activity and that of the blood amino acid (Khairallah & Mortimore, 1976; Martin et al. 1977; McNurlan et al. 1978) and that the greater the difference between the two, the less certain is the prediction of the precursor specific activity from that of the blood amino acid. In this context it is noteworthy that in the pig VOl. 39
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Amino acid jZux and protein intake The assumption of a homogeneous pool of free amino acid in the body can lead to further problems in the interpretation of results on the flux of different amino acids. The expression of protein synthesis as an amount of protein or nitrogedd (a method of expression which allows easy comparison with measurements of N balance) as opposed to moles of the amino acid includes a factor for the average contribution of the amino acid to body protein. This value is clearly critical for the calculation but fortunately there seems to be little variation between the mammalian species for which data are available (Table 3) . It should, however, be recognized that the use of a value for tissue protein is in itself a simplification; the correct factor should be the average contribution of the amino acid to the total flux of amino-N. The use of this simplification therefore imposes upon the worker the assumption that the entry of amino acids into the free pool is as a mixture of similar composition to body protein.
In Table 4 are tabulated values for protein synthesis (based either upon [14Cbeucine or [ISNlglycine) in various species together with an estimate of the contribution of the intake of protein to the amino-N flux. It is clear from these results that, as would perhaps be expected, the intake of amino acid makes a significant contribution to the total entry of the amino acid, between 25 and 40% depending upon the stage of development and hence the intake of the animal. If the composition of the protein of the diet and of the body are different, particularly if the amino acid flux, uncorrected for amino acid catabolism, is used to estimate protein synthesis, problems of interpretation can occur. Table 5 shows comparisons of body protein synthesis in a number of species calculated from the fluxes of leucine and tyrosine. In the rabbit, pig and man the two estimates are in reasonably close agreement but the values for the two ruminant species are quite different; tyrosine giving a higher estimate of body protein synthesis than leucine. We would propose that these differences may arise from the nature of the amino acid mixture absorbed by conventionally fed ruminants. Reeds, 1979) . In the sheep, the contribution of tyrosine (compared with leucine) to the absorbed amino acid mixture is 6870 higher than its contribution to body protein. In addition, a significant proportion of tyrosine entry is derived from the hydroxylation of phenylalanine, an amino acid which, in the ruminant, is apparently absorbed in quantities which are well in excess of requirement. In fact it can be calculated that if the intake of protein is 25% of the total amino acid flux then the estimate of protein synthesis obtained from measurement of the tyrosine flux should be 50% higher than the estimate derived from leucine. In addition the small difference between the two estimates in rabbits, pigs and man can be accounted for by the contribution of phenylalanine catabolism to the flux of tyrosine. It seems reasonable to conclude that the results do not point to metabolic differences between species but stem from differences in the dietary input of the various amino acids. The problem is amenable to technical solution for the measurement of the catabolism of the amino acid in question allows us to account for the 'excess' entry from the diet.
There does remain one difference in the results shown in Table 5 which is not accounted for by the above explanation. In our measurements in the rat we have noted that the flux of tyrosine gives a consistently lower estimate of body protein synthesis then leucine. Measurement of the proportion of the flux of leucine, tyrosine and phenylalanine which is oxidized have excluded large differences in the rate of catabolism of each amino acid. However, as the catabolism of tyrosine occurs mainly in the liver it is possible that preferential catabolism of tyrosine of dietary origin may occur. If so, this may lead to incomplete mixing with the labelled amino acid which, in the rat, is infused into a peripheral vein. Although this is speculative, it serves to highlight another area where an apparent species variation may be of technical origin. 
Comparison of protein turnover in dfferent species
The foregoing may have laboured the practical aspects to an apparently excessive extent but it is clear that if we are to make valid statements about similarities or dissimilarities between species then these comparisons must be based on reliable measurements. With our present state of knowledge the use of either [ ~J~Clleucine or a method based on the excretion of [lsNlurea or ammonia seems to provide a f i r m basis for comparative measurements.
On this basis we are able to make interspecies comparisons of two aspects of body protein synthesis. The first is related to the role of protein turnover as a factor in the energy expenditure of animals. It is a feature of the process of protein turnover that, even at energy or N equilibrium, a considerable quantity of protein is synthesized and will contribute to the energy expenditure of the animal. Is this contribution constant? Table 7 compares results obtained with [ ~J~CIleucine in animals, both adult and immature, which have been studied at energy equilibrium. There is a remarkable similarity between the species suggesting a constant contribution of protein synthesis to heat production and the results suggest that the process of protein turnover contributes about 15% of energy expenditure.
The second aspect is the relationship between protein synthesis and protein deposition. This will in itself govern, to some extent, the energetic efficiency of growth. Only in pigs and human ihfants is sufficient information available to compare two species. Golden et al. (1977) VOl. 39 Nitrogen metabolism 5' a result which suggests that the pigs required a greater amount of protein synthesishnit protein deposition but that in both species there is a considerable amount of protein synthesis at N equilibrium. It is not possible to decide upon the biological significance of the difference as there are significant differences between the experiments. The growing children were recovering from severe protein-nergy malnutrition whereas the pigs had had no history of nutritional deprivation and, perhaps more importantly, the children were receiving a diet which was of lower protein content (2 g protein/kJ) than that ( I I g/kJ) fed to the pigs. Nevertheless the same general conclusions can be drawn (I) that a considerable proportion of total body protein synthesis in growing animals is associated with a maintenance component and (2) that above maintenance, increments in protein deposition, brought about by increases in the intake of a food of constant composition, are associated with fixed increments in protein synthesis and presumably incur constant energy costs within a species.
Conclusion
In conclusion we can say that many of the apparent differences in protein synthesis, both within and between species, can be explained largely as a result of differences in technique. When conditions are well-defined, enabling realistic comparisons to be drawn, then there seems to be considerable consistency between species in a variety of aspects. These include the relationship between intake and amino acid flux; protein synthesis and energy expenditure; and possibly the changes of protein synthesis associated with growth. At present insufficient information is available to prove conclusively that these relationships are constant. However, our understanding of the problems which are associated with the measurement of protein turnover leads us to conclude that in the next few years sufficient comparative results will be obtained with the same method to enable us to answer the question-'Protein synthesis: are there interspecies differences?'
